Memory for intraoperative events may arise from inadequate anesthesia when the hypnotic state is not continuously monitored. Electroencephalogram bispectral index (BIS) enables monitoring of the hypnotic state and titration of anesthesia to an adequate level (BIS 40 to 60). At this level, preserved memory function has been observed in trauma patients. We investigated memory formation in elective surgical outpatients during targetcontrolled propofol anesthesia supplemented with alfentanil. While BIS remained between 40 and 60, patients listened to a tape with either familiar instances (exemplars) from two categories (Experimental [E] group, n ϭ 41) or bird sounds (Control [C] group, n ϭ 41). After recovery, memory was tested directly and indirectly. BIS during audio presentation was on average (Ϯ sd) 44 Ϯ 5 and 46 Ϯ 5 for Groups E and C, respectively. No patient consciously recalled the intraoperative period, nor were presented words recognized reliably (Group E, 0.9 Ϯ 0.8 hits; Group C, 0.8 Ϯ 0.8 hits) (P ϭ 0.7). When asked to generate category exemplars, Group E named 2.10 Ϯ 1.0 hits versus 1.98 Ϯ 1.0 in Group C (P ϭ 0.9). We found no explicit or implicit memory effect of familiar words presented during adequate propofol anesthesia at BIS levels between 40 and 60 in elective surgical patients. V arious studies have demonstrated implicit (unconscious) memory effects for auditory stimuli presented during general anesthesia (1) (2) (3) (4) . Such information processing, however, may result from temporary lightening of anesthesia whenever the depth of anesthesia is not continuously monitored during stimulus presentation. Also, most of the commonly used memory tests do not differentiate between conscious and unconscious contributions to memory performance (5, 6) . Therefore, it remains unclear to what extent auditory information is processed during general anesthesia. This is not only important with respect to the increasing number of patients claiming recall under anesthesia, but particularly so for the emotional well-being of surgical patients (7, 8) .
Electroencephalographic (EEG) bispectral index (BIS) is an on-line measure of hypnotic state and a reportedly valuable predictor of consciousness and recall with various anesthetic regimens (9 -16) . BIS ranges from 100 (awake) to 0 (isoelectric brain). Values between 40 and 60 indicate adequate general anesthesia, reflected by absence of response to command, alertness, and recall. Furthermore, titration of anesthesia to BIS 40 -60 appears clinically useful in terms of anesthetic requirement and recovery (17) (18) (19) . Recently, BIS was related to memory function in trauma patients (20) . Reliable evidence for implicit memory indicated that information was partially processed, even at BIS levels between 40 and 60. In elective surgical patients, no memory was reported for an auditory story presented at these levels (19) , but memory assessment was flawed because no base rate performance was established.
To investigate information processing during adequate anesthesia for elective surgical procedures, we exposed surgical outpatients to auditory stimuli while BIS remained between 40 and 60. Given our hypothesis that information processing is preserved during controlled adequate anesthesia, we expected implicit memory effects in the absence of conscious recall. We used the same test that reliably demonstrated implicit memory in two previous studies, in which hypnotic state had not been monitored (21, 22) .
Methods
After study approval by the local institutional human investigation committee, written informed consent was obtained from 102 elective surgical outpatients (ASA I and II) at the University Hospital Rotterdam, the Netherlands. Patients were between 18 and 65 yr of age, fluent in Dutch, and reported not to have hearing impairment, alcohol or drug abuse, or psychiatric illness. Eighteen patients were excluded from data analyses because stimulus processing during anesthesia was theoretically unlikely caused by deep anesthesia (BIS Ͻ 40 during all word presentations, n ϭ 9; mean BIS ϩ 1 sd below 40, resulting in approximately 85% of presentations below 40 assuming normal distribution, n ϭ 9). In this group of patients, there was not enough time for BIS to increase once anesthesia had been induced to a deep level (BIS Ͻ 40). One patient was excluded because stimulus processing was theoretically likely caused by inadvertent lightening of anesthesia (BIS Ͼ 60 during at least 10% of word presentations), and another one caused by the use of psychoactive medication. The remaining 82 patients comprised the Experimental (E) (n ϭ 41) and Control (C) (n ϭ 41) groups. Electrical brain activity was measured by an A1000 monitor (Aspect Medical Systems, Newton, MA) by using a two-channel referential montage and four selfpreparing electrodes (Zipprep, Aspect Medical Systems) attached above the left and right outer malar bone (At1 and At2), high on the forehead (Fpz, reference), and approximately 2 cm to the right of the reference electrode (Fp2, ground). Electrode impedance was Ͻ5 k⍀. Recordings of BIS (version 3.2) started before the induction of anesthesia and continued until anesthetic emergence.
Patients arrived in the operating room unpremedicated, where they received IV anesthesia with propofol. Target-controlled anesthesia was accomplished by using an infusion pump (Ivac; Alaris Medical Systems, San Diego, CA) incorporating a pharmacokinetic model (Diprifusor; AstraZeneca Macclesfield, Cheshire, UK) targeting propofol plasma concentrations. Target concentration was set at 6 g/mL for the induction. After loss of the eyelash reflex, the lungs were ventilated with 100% oxygen. When BIS decreased Ͻ70, a bolus of alfentanil (0.02 mg/kg) and vecuronium bromide (0.1 mg/kg) was injected IV, after which the lungs were mechanically ventilated by laryngeal mask with a mixture of air and oxygen (40%:60%). Propofol plasma concentrations were titrated to BIS values between 40 and 60 to maintain adequate hypnosis during surgery in general and presentation of auditory stimuli in particular. Target concentration (in g/mL) was adjusted in the following successive steps: 6, 5, 4.5, 4, 3.5, 3, 2.8, 2.6, and so on in steps of 0.2 g/mL, and vice versa.
Experimental stimuli were similar to those used in two previous studies that demonstrated an implicit memory effect for four common exemplars of familiar word categories presented during general anesthesia (21, 22) . In these studies, patients listened to the repeated recordings of yellow, banana, green, pear (E group) or to seaside sounds (C group) and were asked after surgery to name the first three fruits and colors coming to mind. Without conscious recall, exemplars presented during anesthesia ("hits") were generated significantly more often by patients in the E group. A large group difference was observed in the first study with this test, with averages of 2.35 vs 0.79 hits (effect size, d ϭ 1.6) (21) . A replication study resulted in a smaller, yet significant, memory effect, with averages of 2.4 vs 1.84 hits (d ϭ 0.6) (22) . Given these effect sizes, the a priori probability to demonstrate a memory effect if there is a genuine difference between conditions is between 0.84 and 1.00 when 41 patients are included in either group. Accordingly, we randomly assigned patients to Group E or C and presented stimuli on audiotape from the first incision onward. For Group C, the tape contained 45 min of filler sound (birds singing). For Group E, the tape started with filler sound (3 min) followed by the repeated recordings (15 min) of the four exemplars, after which filler sounds continued. Target exemplars were recorded in a female voice (experimenter CK) at a speed of one word every 1.5 s, and series were repeated 30 times with 20 s silence between repetitions. Tapes were coded by someone not involved in the experiment to ensure a doubleblinded study.
To assess memory for the intraoperative period in general and the four presented words in particular, patients were interviewed at the earliest convenient time after surgery. The interview assessed conscious recall of the surgical period by asking patients what they remembered ("what is the last thing you remember before you fell asleep?" "What is the first thing you remember after waking up?" "Do you remember anything in between?" "Did you dream?"). This is also referred to as a direct, conscious, or explicit memory test. Because memory may be implicit (unconscious), however, it is preferable to administer additional tests that do not require conscious recollection. Accordingly, we used a recognition test and category exemplar generation task. Both may reveal implicit memory effects, provided all items are responded to (4) . The former is a less stringent test of implicit memory, however, because it makes reference to the learning episode (i.e., direct memory test), whereas the latter does not (i.e., indirect memory test).
After the interview, we administered the exemplar generation task and asked patients to name the first three exemplars coming to mind for the categories vegetables, fruits, and colors (in that order). Exemplar generation from the first category assessed whether groups responded similarly to a new category of which exemplars had not been presented to either group (control assessment). In contrast, exemplar generation from the latter two categories tested memory for exemplars presented to Group E during anesthesia (experimental assessment). In the absence of conscious recall, implicit memory would be evident if Group E generated more target exemplars than Group C. Finally, word recognition was measured by reading out loud four exemplars from each category. For fruits and colors, these consisted of the two target exemplars presented to Group E during anesthesia (banana, pear, yellow, green) and two exemplars that had not been presented to either group (apple, orange, red, blue). From each category, patients were instructed to choose one exemplar they possibly recognized from the anesthetic period or to guess otherwise (fouralternative forced choice). Recognition memory would be evident if patients in Group E identified more target exemplars than patients in Group C. In the absence of conscious recall, this would signal implicit memory.
Cluster analysis explored the multiple response set for vegetable exemplar generation in Groups E and C. 2 tests were used to analyze observed frequency distributions (target exemplar generation and recognition, sex, surgery type), and independent samples Student's t-tests were used to analyze continuous data (age; duration of surgery and anesthesia; amount of anesthesia, analgesia and muscle relaxant; average BIS during audio presentation; time between end of surgery and test). A Bonferroni correction for multiple testing was applied to tests of patient characteristics, dividing the usual level of significance (␣ ϭ 0.05) by the number of tests (10) . For the remaining tests, P Ͻ 0.05 was considered statistically significant. Data are presented as mean Ϯ sd.
Results
Patients (38 women, 44 men) were on average 35 Ϯ 11 yr of age (range, 18 -61 yr) and underwent either orthopedic (n ϭ 42), general (n ϭ 29), or urologic (n ϭ 8) surgery. The E and C groups were comparable on relevant patient characteristics (Table 1) . No patient reported conscious recollection of the intraoperative period, nor were presented exemplars recognized more often by patients in Group E (0.9 Ϯ 0.8 hits) than in Group C (0.8 Ϯ 0.8 hits) (P ϭ 0.7). To control for a priori group differences in task performance, patients generated exemplars from a control category (vegetables). Responses were effectively described by a two-dimensional solution, indicating that two main response clusters were discriminated: one predominated by common vegetable exemplars and the other by less common exemplars. Individual patient loadings on either dimension indicated that both groups were equally inclined to generate common category exemplars. When asked to name exemplars from the experimental categories, Group E generated 2.10 Ϯ 1.0 hits compared with 1.98 Ϯ 1.0 hits in Group C (P ϭ 0.9). Effect size (d) was 0.12.
A post hoc multiple linear regression analysis explored potential confounding of performance on the experimental category exemplar generation task. Hit scores consistently varied with the duration of anesthesia (r ϭ 0.25, P Ͻ 0.05) and type of surgery (r ϭ 0.33, P Ͻ 0.01). Correlations indicated that more hits were generated after prolonged anesthesia, as well as after urologic (2.82 Ϯ 0.9) and orthopedic (2.10 Ϯ 1.0) surgery than after general surgery (1.66 Ϯ 1.0). Anesthesia and surgery had a similar effect on performance in Groups E and C. This is indicated by a largely unaffected regression weight (␤, measure of validity and effect size) and se (reflecting reliability) in the prediction of study group hit scores when covariates were (␤ ϭ 0.04, se ϭ 0.11) or were not included (␤ ϭ 0.06, se ϭ 0.11) in the regression model.
Propofol target concentration during audiotape presentation was 3.6 Ϯ 0.6 g/mL in Group E and 3.7 Ϯ 0.8 g/mL in Group C (P ϭ 0.3), which resulted in clustering of hypnotic states near BIS 40 (Fig. 1) . As can be seen in Figure 2 , an overall stable level of hypnosis was obtained during word presentation to patients in Group E. Post hoc exploration of the relation between mean BIS during word presentation and target exemplar generation in Group E revealed no decrease in hit scores with increasing hypnotic depth at this controlled level of hypnosis (BIS 55-50, 1.8 hits, n ϭ 5; BIS 50 -45, 1.9 hits, n ϭ 9; BIS 45-40, 1.9 hits, n ϭ 13; BIS 40 -35, 2.6 hits, n ϭ 14). No statistical analyses were performed because observations were unevenly distributed and limited in number.
Discussion
Implicit memory effects for auditory information presented during general anesthesia imply information processing during anesthesia. Because such effects may result from inadequate anesthesia, however, it is important to control the level of hypnosis during stimulus presentation. This study used EEG-BIS to monitor the hypnotic state continuously while a series of words was repeatedly presented to patients in the E group. More important, words were presented during adequate anesthesia only, reflected by BIS values between 40 and 60. Patients in the C group were anesthetized similarly but heard filler sounds instead. Implicit memory effects for presented words had been demonstrated in two previous, but similar, studies without controlling for hypnotic state (21, 22) . Therefore, we used the same study material but presented stimuli under strict anesthetic monitoring to assess memory formation during controlled adequate anesthesia.
Although the a priori probability to detect group differences was high with this particular paradigm, no memory effect was observed. Patients in the E group displayed no conscious recall and were unable to recognize presented category exemplars. In addition, they failed to generate more hits than the C group. Hence, no evidence of word priming during anesthesia was found. Given the small effect size in this sample, the probability of demonstrating an experimental effect was low in retrospect (power ϭ 0.12). More specifically, our results indicate that words presented at BIS levels near 45 were not processed to the extent that memory could occur. This is in line with reports by Struys et al. (19) , who found no evidence of memory for auditory information presented at BIS levels between 40 and 60.
Because previous studies that used the same stimuli (21, 22) demonstrated implicit memory effects without monitoring the hypnotic state, our null findings suggest diminished information processing when controlled adequate anesthesia is provided. At this controlled level, stimuli may be processed less elaborately or by fewer individuals, resulting in reduced stimulus processing in general and absence of memory formation. This notion is again supported by Struys et al. (19) , who found a decreased (zero) incidence of implicit memory for BIS-guided anesthetics compared with procedures monitoring classic signs of anesthetic adequacy. Our findings implicate that previous demonstrations of implicit memory (21, 22) may have come about by undetected moments of inadequate anesthesia and stress the importance of maintaining stable levels of hypnosis during surgery and stimulus presentation in particular. Together, these observations support the feasibility of BIS as a monitor of adequate anesthesia without memory formation.
This notion is not consistent with the implicit memory effect found for words presented at BIS 40 to 60 in trauma patients (20) . Because that study included a wide range of hypnotic states (i.e., BIS 21 to 96), however, moments of lightened anesthesia affected results. In a similar vein, it should be noted that analyses were confined to words, i.e., relating the BIS level during word In addition, an average BIS was calculated for each patient, the range of which is indicated by the highest (maxMean) and lowest (minMean) mean observed. Mean BIS values Ͼ 60 were observed in the ninth minute (n ϭ 2; M 1 ϭ 60.5, M 2 ϭ 61.1) and in the 15th min (n ϭ 3; M 1 ϭ 63.5, M 2 ϭ 63.6, M 3 ϭ 68.6). presentation to subsequent memory performance, thereby neglecting intraindividual variations in hypnotic state. Therefore, although a significant memory effect for words presented at adequate levels of hypnosis was found, effects of light anesthesia within the individual patient were not controlled for in the trauma study. In this study and that of Struys et al. (19) , they were. Second, differences in the anesthetic regimen may partly explain controversial memory findings at equisedative levels of hypnosis. In the trauma study (20) , isoflurane was used for anesthetic maintenance, whereas both Struys et al. (19) and we used propofol, a reportedly effective anesthetic in abolition of information processing and memory (23, 24) . A large multicenter study found no relation between anesthetic regimen and probability of recall, but curves for propofol and isoflurane appeared to have different slopes, suggesting different relations to memory (12) . In particular, memory tended to occur earlier with isoflurane than with propofol. Because propofol may have contributed to the null findings, replication studies with other anesthetics are important.
A third explanation for the memory effect observed in trauma patients but not in elective surgical patients may be found in the type of surgery and associated level of stress. Increased levels of stress hormones, e.g., epinephrine and cortisol, modulate memory storage (25) . Trauma patients presumably are exposed to more stress than elective surgical outpatients, which may explain why memory has been observed in the former but not in the latter group of patients at adequate levels of hypnosis.
To summarize, the lack of evidence for explicit and implicit memory in this study suggests absence of memory formation when controlled adequate propofol anesthesia is provided. Maintaining stable levels of hypnosis seems crucial in this respect. Additional studies need to establish the reliability of our observations, especially so with anesthetics other than propofol.
